Glucocorticoid (GC) is an adrenal steroid with diverse physiological effects. It undergoes a robust daily oscillation, which has been thought to be driven by the master circadian clock in the suprachiasmatic nucleus of the hypothalamus via the hypothalamuspituitary-adrenal axis. However, we show that the adrenal gland has its own clock and that the peripheral clockwork is tightly linked to steroidogenesis by the steroidogenic acute regulatory protein.
G
lucocorticoid [GC; corticosterone (CS) in rodents and cortisol in primates] is secreted by steroidogenic cells of the adrenal cortex and has widespread effects on the body. It modulates gluconeogenesis, lipid metabolism, cardiovascular tone, inflammation, and immune functions. Importantly, GC mediates behavioral adaptations to external cues, because its level responds sensitively to stress and to circadian rhythm (1, 2) .
Most physiological and behavioral events in mammals are subject to well-controlled daily oscillations generated by an internal timekeeping system composed of clock genes with interacting positive and negative feedback loops. The hypothalamic suprachiasmatic nucleus (SCN) is believed to harbor a master clock that synchronizes and maintains the circadian rhythms of the periphery (3, 4) . GC functions as a key humoral mediator transmitting resetting signals from the SCN to the peripheral clocks (4, 5) .
GC exhibits a robust daily rhythm, and this oscillation has generally been attributed to the SCN modulating the hypothalamus-pituitary-adrenal (HPA) neuroendocrine axis (6) . However, the daily oscillation of GC may not depend on the periodicity of its upstream hormonal regulators, corticotropin-releasing hormone and adrenocorticotropic hormone (ACTH), because GC rhythm was still present when ACTH was administered continuously to hypophysectomized rats (7) . Thus, the source of the inherent circadian rhythm of GC synthesis and secretion from the adrenal gland is a long-standing issue.
One of the most plausible explanations for this complex aspect of the HPA axis is circadian modulation of the gland's responsiveness to its upstream regulators. In this context, it has been shown that the SCN can directly regulate GC secretion via the splanchnic nerve system (8, 9) . Also, extensive analyses of the adrenal transcriptome have revealed the presence of the canonical molecular clock machinery in the adrenocortical cells, and suggested a gating mechanism for it (8, 10, 11) . However, there is still conflicting evidence on the issue of the daily alterations in adrenal responsiveness and accompanying HPA axis reactivity. For instance, it has been argued that the diurnal changes in GC require splanchnic nerve integrity but are not mediated by differential responsiveness to ACTH (12) . It has also been shown that the response to a mild stress failed to support increased HPA axis reactivity during the active period (13) .
More importantly, previous findings do not fully account for the autonomous rhythmicity in steroid biosynthesis and secretion that was demonstrated in early studies with isolated adrenal glands (14) (15) (16) . This strongly suggests that there remains an as-yet unresolved adrenal-intrinsic mechanism controlling the GC rhythm and involving ACTH-independent steroid production. Therefore, the present study was initiated to test the hypothesis that the adrenal peripheral clock plays a pivotal role in the oscillatory GC biosynthesis by an autonomous mechanism.
Results

Circadian Rhythms of CS Production and Adrenal Steroidogenic Acute
Regulatory Protein (StAR) Expression. We initially hypothesized that the daily rhythm in circulating CS was closely associated with its synthetic profile in vivo. To test this idea, we compared CS levels in the plasma and adrenal glands of male C57BL/6J mice entrained to a 24-h light-dark cycle (LD; 12:12). In accord with previous studies (11) , plasma CS showed a robust daily variation, with a peak around the onset of night. This daily oscillation was closely paralleled by changes in adrenal CS content, suggesting that adrenal CS biosynthesis also exhibits a daily rhythm (Fig. 1A) .
To identify adrenal-specific factors responsible for oscillatory CS biosynthesis, we compared the mRNA expression profiles of a subset of major steroidogenic genes in the adrenal gland and testis. The latter was chosen because it is a steroidogenic organ, but its molecular clockwork is known to be less rhythmic (17) . One of the gene transcripts examined was StAR; this was found to be expressed in a rhythmic fashion in the adrenal gland, but not in the testis (Fig. 1B) . StAR acts as a rate-limiting step in steroidogenesis by transferring cholesterol from the outer mitochondrial membrane to the inner membrane, where the steroidogenic enzymatic reactions occur (18) . Adrenal StAR protein levels also showed striking daily variations that were maintained even after 2 days of constant dark-dark (DD) conditions (Fig. 1C) . The circadian rhythms of StAR expression and CS content of the adrenal gland were absent in arrhythmic Per1 Ϫ/Ϫ Per2 Ϫ/Ϫ (Pers) and Cry1 Ϫ/Ϫ Cry2 Ϫ/Ϫ (Crys) mutant mice (Fig. 1D ). These findings indicate that the molecular clock is tightly linked to steroidogenesis in the adrenal gland and generates circadian rhythmicity of StAR gene expression and CS production.
Clock-Controlled StAR Expression Mediating Circadian Steroid Production. The next set of experiments was aimed at confirming the crucial role of StAR as a molecular link between the adrenal peripheral clock and steroidogenesis. For this purpose we used an immortalized mouse adrenocortical steroidogenic cell line, Y1. As with fibroblasts (19), a 2-h serum shock was able to synchronize the molecular clock in the Y1 cells. The serum shock caused rhythmic steroid production and cyclic StAR mRNA accumulation with Ϸ24-h periodicity that persisted for up to 60 h. These features clearly depended on an intact cellular clock, because overexpression of CLOCK⌬19, a defective mutant of CLOCK (20) , dampened the cyclic profiles of both steroid production and StAR mRNA expression ( Fig. 2 A and B) . Conversely, overexpression of CLOCK and BMAL1 increased both StAR protein level and steroid production, and this CLOCK:BMAL1-evoked steroid production was significantly attenuated by application of antisense oligodeoxynucleotides against StAR (Fig. 2C) , confirming that StAR links the molecular clock with the steroidogenic pathway.
These findings in turn raised the question of how the molecular clock governs StAR gene expression. Rhythmic transcription can be controlled through transcriptional enhancers, such as E boxes (binding sites for CLOCK:BMAL1 heterodimers; ref. 21) . Analysis of the promoter region of the mouse StAR gene revealed 4 putative E boxes within the 2.5-kb region upstream of the transcription start site ( Fig. 2D ; denoted as E1-E4 from the proximal). To test whether StAR expression is directly regulated by the CLOCK:BMAL1 heterodimer, we measured luciferase activity driven by the 2.5-kb mouse StAR promoter in the presence of various sets of clock genes. Simultaneous expression of both CLOCK and BMAL1 increased StAR promoter activity up to 6-fold, and this induction was attenuated by coexpression of negative regulators, such as PERs or CRYs (Fig. 2E) . Chromatin immunoprecipitation experiments revealed that endogenous BMAL1 in Y1 cells binds to E3 and/or E4 but not to E1 or E2 ( induced StAR promoter activity (Fig. 2G ). Because mutation of either E3 or E4 singly lowered CLOCK:BMAL1-evoked StAR promoter activity somewhat, it is likely that the 2 E boxes function additively [supporting information (SI) Fig. S1 ]. Although the proximal region of the mammalian StAR promoter (up to Ϫ1.0 kb from the transcription start site), which contains binding motifs for SF-1, DAX-1, SP1, and CREB, is sufficient for tissue-specific and hormone-responsive StAR expression (23) , our data suggest that the more distal region is required for appropriate temporal oscillation of StAR expression. It thus appears that StAR transcription is regulated by the CLOCK:BMAL1 heterodimer via the distal E box elements, and hence that StAR can be regarded as a clockcontrolled gene in adrenocortical steroidogenic cells.
Adrenal Gland-Specific Disruption of BMAL1 Expression Dampens the Circadian CS Rhythm. Next, we tested the role of the adrenal peripheral clock in producing the daily CS rhythm in vivo by ablating the molecular clockwork specifically in the adrenal CS-producing cells. We chose BMAL1 as a target for knockdown because our previous studies show that it plays the determining role in posttranslational regulation and function of the CLOCK:BMAL1 heterodimer (24, 25) and, more importantly, CLOCK has an overlapping role with NPAS2, another member of core clock components (26) . We generated a transgenic (TG) mouse line in which a part of the BMAL1 coding region was expressed in an antisense orientation under tissue-specific control by using the 1.3-kb ACTH receptor (MC2R) promoter (MC2R-AS-BMAL1; see Figs. S2 and S3 for more information on this construct). Transfection of MC2R-AS-BMAL1 into Y1 cells completely blocked the serum shock-evoked oscillations of StAR and Per2 mRNA expression, whereas the control construct with the sense orientation (MC2R-S-BMAL1) did not ( Fig. 3 A-C) . The copy number of the MC2R-AS-BMAL1 transgene was estimated by competitive PCR genotyping and by constructing a standard curve from mixtures with different molar ratios of the purified PCR products of the transgene and endogenous MC2R gene. The deduced copy number in the heterozygous mutant mice was Ϸ60 (Fig. 3D and Fig. S4 ). In accordance with the adrenal gland-specific expression of the AS-BMAL1 transgene as revealed by competitive RT-PCR (Fig. 3E) , immunoblot analyses showed that BMAL1 protein levels at CT00 and CT12 were dramatically reduced in an adrenal gland-specific fashion (Fig. 3F) . The amount of adrenal BMAL1 protein expression in the TG mice at CT00 was comparable with that of their wild-type (WT) littermates at CT12, when BMAL1 levels were close to a minimum (27.8% Ϯ 8.3% of WT at CT00 from 3 independent experiments). By contrast, BMAL1 protein expression in other tissues, including the SCN-anterior hypothalamus (SCN-AH), liver, kidney, and pancreas, was the same in the TG and WT mice (Fig. 3F) . These results show that the MC2R promoter-driven AS-BMAL1 transgene knocks down endogenous BMAL1 protein in an adrenal gland-specific manner.
We used these TG mice to determine the effect of BMAL1 knockdown on the adrenal functions. In the presence of light cue, TG mice showed normal daily variations in adrenal StAR protein expression, CS contents, and plasma CS levels (Fig. 4 A and B) . However, adrenal StAR and CS rhythms were completely abolished in the TG mice under DD conditions (Fig. 4 C and D Upper) , indicating the exclusive role of the adrenal peripheral clock in these rhythms in vivo. The plasma CS oscillations also were strongly attenuated, although some daily variation was retained (Fig. 4D  Lower) . Despite impaired circadian periodicities, plasma CS levels and StAR induction evoked by a 30-min immobilization were not significantly influenced by the disruption of adrenal local clock (Fig.  S5) , suggesting that the physiological pathway mediating acute stress response is independent of the adrenal peripheral clock machinery. This is well in accordance with the previous reports showing that increase in circulating CS by stress was normal even in global BMAL1 Ϫ/Ϫ mice (27, 28) . Furthermore, TG mice also showed no apparent alterations in sympathoadrenal functions in terms of plasma norepinephrine and epinephrine levels, suggesting confined functioning of the transgene in ACTHR-positive adrenocortical cells (Table S1 ). Collectively, our findings indicate that an intact adrenocortical clock is required for the inherent circadian profiles of basal CS levels by evoking rhythmic steroidogenesis, and that StAR is an intrinsic peripheral regulator of the adrenal rhythm.
Role of the Adrenal Oscillator in Harmonizing the Circadian Timing
System. Recently, several genetic models in which molecular clocks were modulated in a cell type-specific manner have been developed to account for the tissue-or organ-specific regulation and function of clock genes (29) (30) (31) . In this context, our adrenal-specific BMAL1 knockdown mice provide a useful system for testing the unique role of the adrenal peripheral clock in harmonizing and maintaining the circadian timing system, because GC has been proposed to be a Zeitgeber for peripheral oscillators (4). We therefore compared the home-cage activities, variations in body temperature, and cyclic expression of a subset of clock genes in the WT and TG mice. Circadian variations in locomotor activities under both LD and DD conditions were still observed in the BMAL1 knockdown mice (Fig.  5 A and B ; P Ͻ 0.01 between day and night in all groups), with a free-running period similar to that of the WT under DD conditions ( ϭ 23.73 Ϯ 0.07 for WT and 23.70 Ϯ 0.05 for TG; P ϭ 0.50). However, in the TG mice the amplitude of the behavioral rhythm was greatly attenuated, with weakened periodicity after 1 wk of constant darkness (Fig. 5A and Fig. S6 ). Because of a significant reduction in locomotor activity during active periods (subjective nighttime) but similar activity during rest periods (subjective daytime), the day/night differences in locomotor activity were significantly affected: the WT mice displayed 71.46% Ϯ 4.32% of their activity during the active period, whereas this figure was reduced to 55.84% Ϯ 1.29% for the TG mice after 1 wk of constant darkness (Fig. 5B) . Interestingly, this reduction was not apparent in the presence of light cues. These results show that the amplitude of the behavioral rhythm under DD conditions was significantly influenced by ablation of the adrenal oscillator, along with the hypoactivity in their locomotor behaviors. In contrast to their behavioral rhythm, the circadian changes in body temperature of the TG mice were virtually the same as those of their WT littermates (Fig. S6) , indicating that the adrenal peripheral clock is selective in its effects on circadian physiology.
Together with the behavioral anomalies, the expression profiles of the clock genes in several peripheral organs of the TG mice were affected. As shown in Fig. 5C , the Per1 and Per2 transcript levels in the SCN were apparently unaltered in the TG mice. This is consistent with the normal period lengths of locomotor activities and body temperature. However, the cyclic expression of both transcripts was significantly dampened in the adrenal gland of the mutant mice, along with the severely reduced BMAL1 protein levels, once again confirming that this knockdown is sufficient to functionally ablate the adrenal molecular clock (Fig. 5D) . Interestingly, transcripts of Per1 but not Per2 were reduced, especially at the peak times, in a variety of peripheral organs, including liver, kidney, and pancreas (Fig. 5D) , despite the normal BMAL1 expression in these organs. Taken together, these behavioral and molecular findings strongly suggest that the adrenal peripheral oscillator plays a crucial role in tuning the mammalian circadian rhythm by mediating and/or strengthening the time cues generated by the master clock.
Discussion
The present study has addressed the longstanding issue of the source of the inherent circadian rhythm in GC biosynthesis in, and secretion from, the adrenal gland. It demonstrates that the adrenal peripheral oscillator plays an essential role in producing an intrinsic circadian rhythm of GC by causing rhythmic steroid production.
In the adrenal gland, canonical clock genes are rhythmically expressed (8, 11) . We showed above that StAR is a molecular link between the adrenal clock genes and circadian steroid biosynthesis in GC-producing cells. StAR expression evidently mediates molecular clock-evoked steroid production (Fig. 2) , and its periodicity is maintained even in the absence of light cues, but it requires a functional oscillator (Figs. 1 and 4) . We also established that StAR expression is controlled by the action of CLOCK:BMAL1 heterodimers on the upstream cis-elements of the murine promoter and, most importantly, that this regulation is required for a circadian steroidogenesis in the adrenal gland in vivo. Although recent clockwork (32, 33) , we have provided compelling evidence, by adrenal-specific ablation of the molecular clock machinery, for circadian control of adrenal StAR expression and for its physiological relevance.
It should be noted that StAR is the only gene among the major steroid biosynthesis genes showing a robust adrenal-specific rhythmic expression (Fig. 1 B and C) . Functions and expression profiles of StAR strongly suggest its pivotal role in the circadian steroid production. First, it is well established that StAR is rate-limiting for steroidogenesis, because modulating StAR gene expression alone causes substantial changes in the rate of steroid production (18, 34) . Second, both StAR mRNA and protein levels increase in late daytime ( Fig. 1 B and C) , in contrast to other previously suggested steroidogenesis-related genes with cyclic expression, which reach their deduced peaks several hours after subjective lights-off time (10) . This is in accord with the adrenal and plasma CS profiles, which peak just before the onset of subjective nighttime in rodents (35) . Finally, our TG mice show that the circadian rhythm of StAR expression is evidently adrenal-autonomic in origin, although it can be also driven by a potent environmental cue, such as light-dark cycle.
Numerous studies on the daily GC rhythm have revealed quite complex features of the adrenal rhythm, primarily due to the relatively restricted roles of the upstream hormonal regulators of the HPA axis (7, 9, 35) . Therefore, it has been proposed that the central clock influences the adrenal gland via SCN-derived neural and humoral inputs (8, 9, 36, 37) . However, the SCN appears most important for the nadir of the CS rhythm. Although strong inhibition of basal CS release during the rest period by the SCN seems clear, requirement of an additional stimulatory/activating mechanism has been also implicated to fully account for the circadian peak of the CS rhythm (9, 35, 38) . In this context, our findings suggest the presence of an adrenal-autonomous and steroidogenesisdependent activating mechanism. As mentioned above, the cyclic accumulation of StAR mRNA and the accompanying steroid production are under the control of the adrenal peripheral clock.
However, we cannot exclude a central stimulatory mechanism, because an attenuated but not flattened circulating CS profile was still observed in the TG mice despite nearly flattened StAR and adrenal CS rhythms. Furthermore, both rhythmic StAR protein expression and subsequent CS production can be driven by light cue as well as the intrinsic oscillator. It should be noted that light could directly activate the adrenal gland in an SCN-dependent manner (8) . Indeed, Ishida et al. (8) showed that photic signal could activate several signaling cascades in the adrenal gland, which can lead to enhanced CS production. Thus, it is plausible that adrenal steroidogenic machinery by itself can be continuously entrained or reset by regular LD cycles, regardless of the local clock. However, when such a resetting cue is weakened or disturbed, the adrenal oscillator appears to become dominant to drive rhythmic steroid production and subsequent circulating GC rhythm. Collectively, our findings indicate that rhythmic steroidogenesis by an intrinsic oscillator in the adrenal gland is required to generate an inherent circadian rhythm of GC, and that it may cooperate with systemic inputs to the gland that presumably originated from the central pacemaker by hormonal and neural mechanism.
Because our TG mice show normal stress-induced secretion of both CS and catecholamines, this can be considered a valuable animal model for the hypocortisolism with attenuated basal GC rhythm and the unique role of the adrenal oscillator. Moreover, normal cyclicity of CS under LD conditions might minimize a potential developmental problem. In this regard, it is of interest that adrenal gland-specific ablation of the molecular clock could cause abnormalities in behavioral rhythm under DD cycles; the MC2R-AS-BMAL1 TG mice clearly displayed dampened amplitude of their behavioral rhythm in terms of day-night differences in homecage activities. It is plausible that the dampened plasma CS rhythm was responsible for the changes, because it has been demonstrated that flattened GC profiles could attenuate circadian locomotor activities (39, 40) . Because the body temperature is not significantly affected in our TG mice, the behavioral alterations are likely due to a selective effect of cyclic GC on brain functions dealing with the expression of periodic locomotor behaviors, such as coordinating motor functions or maintaining sleep-wake cycles (41) .
In addition to altering behavioral rhythms, ablation of the adrenal clock also attenuated Per1 but not Per2 rhythmicity in several peripheral organs (Fig. 5D ). In connection with such selectivity, it should be noted that the expression of clock genes can be differentially regulated by GC signaling; Per1 expression can be directly modulated via a distal GC-responsive promoter element (39, 42) . Therefore, it is likely that the reduced circulating CS found in the TG mice is responsible for the alteration of cyclic accumulation of Per1 in peripheral organs as well as the dampened behavioral rhythm. By contrast, it was proposed recently that hepatic Per2 expression in vivo was profoundly influenced by a daily fluctuation in body temperature, rather than hepatic clock machinery (30) . Therefore, the attenuated GC rhythm but normal cyclicities in body temperature of the TG mice suggest that the circadian expression of Per1 and Per2 may differentially respond to different systemic cues in cooperation with a local clock. The widespread influences of knockdown of adrenocortical BMAL1 expression indicate that the hierarchical organization of the mammalian circadian system needs to be reevaluated. The simplistic division into one central and several subsidiary peripheral oscillators is no longer tenable: our findings indicate that the adrenal clock is not simply one of the peripheral oscillators; rather, it plays a pivotal role in harmonizing the circadian rhythms of metabolism and behavior, and in this way may add flexibility to the dominant rhythm provided by the master clock in the SCN, as illustrated in Fig. S7 .
One may also suppose that the adrenal clock by itself can produce the rhythmic physiological outputs from other tissues in a more direct fashion via GC signaling, and thus can contribute to generating and harmonizing the body's rhythms. This could depend on the diverse actions of GC on physiological processes (1, 2, 41), the clock-resetting activity of the hormone (5), and rapid regulatory inputs from the SCN to reset the phase of the gland (8) . Moreover, there exist 2 types of GC receptors with distinctive affinities and capacities, and these are believed to be differentially activated at the circadian peak and nadir of circulating ligand levels (2). The observations that the expression of at least 10% of all genes is influenced by GC (2) , and that the cyclicities of some hepatic genes can be affected by an intact adrenal gland and/or GC signaling (43, 44) , strongly support this notion. Also, the circadian rhythm of certain discrete brain regions is dependent on GC signaling, implying that even higher brain functions can be directly influenced by the adrenal rhythm (40, 45) . Recent studies indicate that subtle but sustained changes in GC levels, as well as drastic hypersecretion or hyposecretion, are potentially dangerous and may contribute to the onset of common metabolic disorders, such as insulin resistance, hypertension, obesity, and type 2 diabetes (1, 2). This emphasizes the potential harmful effects of dysregulation of the circadian GC rhythm due to genetic and/or environmental causes.
In conclusion, the present study demonstrates that the intrinsic adrenal peripheral clock can contribute to generating a robust circadian GC rhythm both in vitro and in vivo. The adrenal oscillator, in turn, plays a crucial role in maintaining the behavioral rhythm, as well as cyclic clock gene expression in other peripheral organs. Clock-controlled StAR gene expression in the adrenal gland may provide the molecular basis for this circadian steroid production, indicating that StAR links clock machinery and steroidogenesis (Fig. S7 ). This interlocking system is comparable to the relationship between cell cycle regulators and the molecular clockwork (46) and provides a valuable indication of how a subset of key cellular pathways can be linked to the circadian timing system at the molecular level.
